Abstract The effect of polymer degradation was studied on immunomodulatory and antioxidant properties of fucoidan isolated from S. angustifolium. Partially hydrolyzed fucoidans were prepared using 0.01 N hydrochloric acid after incubation for 10 and 15 min in boiling water. FT-IR analysis showed two major peaks at 850 cm -1
Introduction
Anionic polysaccharides including sulfated fucans, sulfated galactans and sulfated rhamnans are predominantly found in marine algae. Some of these polysaccharides have been utilized in the food industry due to their peculiar rheological properties (Rhein-Knudsen et al. 2015) . Other polysaccharides have shown positive effects in different biological systems, suggesting their applications as promising bioactive compounds (Wijesekara et al. 2011) . Fucoidans are a good example of fucose-containing polysaccharides that have been extensively studied from various species. Fucoidans are found in the cell wall of brown seaweeds in a complex matrix along with alginates, proteins and low molecular weight compounds bound with each other through ionic interactions and hydrogen bonding (Skriptsova 2015) .
Numerous reports demonstrated that fucoidan may serve as a good candidate for therapeutic applications, since they exhibited in vitro and in vivo biological functions such as antitumor, antivirus, anticoagulant and immunomodulatory effects (Nishino et al. 1991; Cho et al. 2014; Wijesekara et al. 2011) . However, the utilization of these sulfated macromolecules in functional foods has been challenging due to inconsistent results on their bioactivities (Ale et al. 2011) . This is partly originated from variations in the molecular structure of fucoidans caused by intrinsic factors including differences in species and seaweed growth conditions (Ale et al. 2011) . The method of choice in the isolation process is another effective factor that might either undermine the biofunctionality of a fucoidan polymer or keep it intact (Sánchez-Camargo et al. 2016) .
Basically, the biological activities of fucoidans are closely related to their structural specifications such as molecular weight, amount and position of sulfates, monosaccharide composition and etc. . Thus, reaching a deep understanding of the structurebioactivity relationship of fucoidans enables the identification of structural feature responsible for a biological effect. Accordingly, the potency of a bioactive fucoidan can be changed by structural alterations using various modification means (Jia et al. 2016) . By far, most of the fucoidan products available on the market have been manufactured from unrefined aqueous extracts of brown seaweeds. The reasons for unwillingness of fucoidan industry to further purify the extracted fucoidans can be listed as high operational cost, low product yield and time consuming process. Therefore, the aim of current study is to examine the effect of hydrolysis on chemical and molecular properties of unrefined fucoidan polymers and evaluate their relationship with immunomodulatory and antioxidant activities.
Materials and methods

Materials
The brown seaweed S.angustifolium collected from the coast of Persian Gulf, Bushehr, Iran. Samples were extensively washed with tap water to remove impurities and then air-dried at 60°C for 4 days. The dried raw material was pulverized in a blender and stored at -20°C before the extraction of fucoidan. The Dulbecco's Modified Eagle Medium (DMEM), Fetal Bovine Serum (FBS), streptomycin and penicillin were purchased from Hyclone (Logan, UT). Other chemicals and reagents were of analytical grade.
Depigmentation and isolation of fucoidan
The milled seaweed (20 g) was treated with 85% ethanol (EtOH, 200 mL) under constant mechanical stirring overnight at room temperature in order to remove pigments, lipids and low molecular weight compounds. After centrifugation (10°C, 9000 rpm, 10 min), the residue was separated and depigmentation continued with fresh EtOH for three times. Then, samples were rinsed with acetone and residue dried at room temperature. A 20 g of dried powder was used for extraction with 400 mL of distilled water at 65°C with for 2 h. The extracts were centrifuged at 9000 rpm for 10 min at room temperature, and the supernatants were concentrated under reduced pressure at 60°C. Then, 1% CaCl 2 was added into supernatant in order to remove alginate from fucoidan. Precipitated alginate was discarded by centrifugation at 9000 rpm for 10 min at room temperature. Finally, the polysaccharides were precipitated by adding EtOH (99%) into the supernatants to obtain the final concentration of 70%. The fucoidan was obtained by the filtration of the solution with a membrane (0.45 m pore size, Whatman International, Maidstone, UK) and washed with EtOH (99%) and acetone for several times, and then dried at room temperature.
Preparation of partially hydrolyzed fucoidans
To produce fucoidans with different molecular weights, 20 mg of fucoidan was initially dissolved in 1 mL of 0.01 N HCl and then partial hydrolysis was performed by heating in boiling water for 10 and 15 min. The reactants were immediately cool down and neutralized with 1 mL of 0.01 N NaOH. The native fucoidan solution was prepared by dissolving 20 mg of fucoidan in 1 mL of 0.01 N HCl without heating which was followed by neutralization with 1 mL of 0.01 N NaOH. All solutions were dialyzed in a membrane (#3247027, Spectrum Laboratories, Compton, CA, USA) against distilled water, and eventually lyophilized.
Determination of chemical compositions
Total carbohydrate was determined by the phenol-sulfuric acid method using glucose as a standard (Dubois et al. 1956 ). The amount of protein was measured by Folinphenol reagent using bovine serum albumin as a standard (Lowry et al. 1951) . Sulfate content was determined by the BaCl 2 -gelatin method using K 2 SO 4 as a standard. Uronic acids were analyzed calorimetrically by m-hydroxydiphenyl analysis according to procedure described by Filisetti-Cozzi and Carpita (1991) .
Determination of molecular weight of fucoidans
Fucoidans were initially dissolved in distilled water (2 mg/ mL) and heated for 30 s in a microwave bomb (#4872; Parr Instrument Co., Moline, IL, USA). A cellulose acetate membrane was immediately used to filter the solution (3.0 lm pore size; Whatman International). A multi-angle laser light scattering system (HELEOS; Wyatt Technology Corp, Santa Barbara, CA, USA) coupled with high performance size exclusion chromatography column (TSK G5000 PW, 7.5 9 600 mm; Toso Biosep, Montgomeryville, PA, USA), UV detector (Waters, 2487) and refractive index detection (Waters, 2414) system (HPSEC-UV-MALLS-RI) was used to analyze the molecular characteristics. An aqueous solution of 0.15 M NaNO 3 and 0.02% NaN 3 was used as mobile phase at flow rate of 0.4 mL/min. Bovine serum albumin (BSA) was used to determine the volume delays among the UV, MALLS and RI detectors.
ASTRA 5.3 software (Wyatt Technology Corp.) was employed in order to determine the weight average molecular weight (M w ), number average molecular weight (M n ), radius of gyration (R g ) and polydispersity index. The calculation of specific volume of gyration (SV g ) was performed based on the following equation (You and Lim 2000) :
which N is Avogadro's number (6.02 9 10 23 /mol) and the units for SV g , M w and R g were cm 3 /g, g/mol and nm respectively.
FT-IR spectroscopy
Fourier transform infrared (FT-IR) was used to detect functional groups of the polysaccharide and recorded on an infrared spectrometer (Tensor 27, Bruker Instruments, USA). One milligram of fucoidan was milled with 300 mg of KBr and pressed into a disk (1-mm thickness and 13-mm diameter) for transmission infrared spectroscopy. FT-IR spectrum was recorded between 500 and 4000 cm -1 at a resolution of 2 cm -1 .
RAW264.7 macrophage proliferation and nitric oxide production assays RAW264.7 macrophage cell lines (ATCC) were seeded in a 96-well microplate (1 9 10 4 cells/well, 100-lL volume) with RPMI-1640 medium containing 10% FBS. The cells were incubated with 100 lL of the fucoidans (10, 25 and 50 lg/mL) in triplicate. The incubation of cell cultures was carried out in a humidified atmosphere with 5% CO 2 at 37°C for 72 h. Then, the WST-1 solution (20 lL) was added to the wells and the solution was further incubated for 4 h at 37°C. The optical density was measured at 450 nm using a microplate reader (EL-800; BioTek Instruments, Winooski, VT, USA). The absorbance (A) was translated into a macrophage proliferation ratio, (%) = A t / A c 9 100, where A t and A c are the absorbance of the test group and control group, respectively.
The nitric oxide (NO) released by macrophages into culture supernatants was measured as an indicator of immunoenhancing activity of alginates. The RAW264.7 macrophage cells were seeded in a 96-well plate (1 9 10 5 cells/well) and incubated with alginates (10, 25 and 50 lg/ mL) and lipopolysaccharide (LPS, 1 lg/mL; SigmaAldrich, MO, USA) at 37°C for 18 h. The Griess reagent was used to quantify the amount of NO production (Green et al. 1982) . The NaNO 2 (1-200 lM in culture medium) was used as standard to determine the amount of NO produced by macrophages.
Antioxidant activities
DPPH radical scavenging activity assay
The DPPH radical scavenging activity of native and hydrolyzed fucoidans was conducted according to the method of Brand-Williams et al. (1995) with slight modifications. Briefly, 100 lL of different concentrations of fucoidan samples (1-3 mg/mL) or ascorbic acid (100 lg/ mL) were added to 100 lL 2,2-diphenylpicrylhydrazyl (DPPH) solution. The mixture was then incubated at 25°C in the dark for 30 min. The absorbance was read at 517 nm by UV-Vis spectrometer. The ability to scavenge the DPPH radicals was calculated according to the following equation:
where Ac is the absorbance of the control (100 lL of ethanol with 100 lL of the DPPH solution) and As is the absorbance of the sample.
ABTS radical scavenging activity assay
Free radical scavenging activity of the native and partially hydrolyzed fucoidans was examined using ABTS radicals (Re et al. 1999a, b) . ABTS was dissolved in water (7 mM) and diluted with ethanol to an absorbance of 0.70 at 734 nm. Then, 0.5 mL of different concentrations of fucoidans (0.062, 0.125 and 0.250 mg/mL) or ascorbic acid (100 lg/mL) were added to 1.5 mL of 0.7 mM ABTS solution. The solution was kept at room temperature for 20 min and the absorbance was read at 734 nm. The ability to scavenge the ABTS radical was calculated according to the following equation:
where Ac is the absorbance of the control (0.5 ml of ethanol with 1.5 ml of the ABTS solution) and As is the absorbance of the sample.
Reducing power
The reducing power of the fucoidan samples was measured by the method described by Oyaizu (1986) . An aliquot of each fucoidan sample (500 lL) with concentrations ranging from 1 to 3 mg/mL was mixed with 500 lL of sodium phosphate buffer (0.2 M, pH 6.6) and 500 lL of 1% potassium ferricyanide. Ascorbic acid was used as a commercial antioxidant (100 lg/mL). After incubation at 50°C for 20 min, 500 lL of 10% TCA was added and the mixture was centrifuged at 8000 rpm for 10 min. The supernatant (1.0 mL) was incubated in the presence of distilled water (1.0 mL) and 0.1% ferric chloride (200 lL) for 10 min. The absorbance was read at 700 nm.
Statistical analysis
All tests were carried out in triplicate and the results were presented as the mean value with standard deviation. Differences were statistically tested by one-way analysis of variance (ANOVA), and Duncan's multiple-range test using Statistical Analysis System (SAS Institute, Cary, NC, USA).
Results and discussion
FT-IR spectroscopy of fucoidan Figure 1 shows the Fourier transform infrared spectra of fucoidan from S. angustifolium between 500 and 4000 cm -1 . Two signals were appeared in the region of 2500-3600 cm -1 ; a broad signal at 3430 cm -1 attributing the stretching vibrations of O-H and a small signal at 2939 cm -1 attributing the stretching vibration of C-H (Sari-Chmayassem et al. 2016). There were signals at 1660 cm -1 , related to asymmetric stretching vibration of COO -of uronic acids and at 1446 cm -1 , related to symmetric stretching vibration of COO - (Zhao et al. 2010) . The peaks at 850 and 1256 cm -1 derived from the bending vibration of C-O-S of sulfate in axial position and stretching vibration of S-O of sulfate, respectively (Gan et al. 2011) . The signals in the region of 1200-1500 cm -1
were mainly due to coupling of the deformation vibrations of groups containing hydrogen atoms, including HCH, CCH, HCO, and COH (Vanloot et al. 2012 ). Table 1 shows the proximate composition of native and partially hydrolyzed fucoidans. The native fucoidan consisted mainly of carbohydrate (49.45%) which did not significantly change after acid hydrolysis (p [ 0.05). Likewise, there was minor amount of protein content (4.13%) in the native fucoidan that stayed intact after degradation (p [ 0.05). The extracted polysaccharide was an acidic polymer with high amount of uronic acid (10.32%). The hydrolyzed fucoidans also possessed a similar level of uronic acid with their native form (p [ 0.05). As an important constituent of sulfated polysaccharides, the native fucoidan was rich in sulfate esters (22.98%) and it did not vary after hydrolysis (p [ 0.05). Table 1 , the weight average molecular weight (M w ) of native fucoidan was found to be 421 9 10 3 g/mol which was in the wide range of 47-987 9 10 3 g/mol reported for the fucoidans from S. thunbergii, S. binderi, S. fusiforme and S. pallidum (Luo et al. 2016; Lim et al. 2016; Chen et al. 2016; Li et al. 2017) . The significant variation in the molecular weight of fucoidans could be driven by differences in species, growth environment and extraction methods (Tabarsa et al. 2015) .
Chemical composition of fucoidans
The M w of fucoidan polymers notably decreased to 104.1 9 10 3 g/mol when 10 min of hydrolysis was applied to native fucoidan (p \ 0.05). A further reduction to 63.9 9 10 3 g/mol was achieved for M w of fucoidans treated under 15 min heating (p \ 0.05). Likewise, degraded fucoidans showed to have lower radius of gyration (R g ) compared to its native form decreasing from 52.1 nm to 43.8 nm (p \ 0.05). The M w and R g values were used to calculate the specific volume of gyration for different fucoidans (SV g ). The SV g provide the theoretical gyration volume per unit of molar mass and is inversely proportional to the degree of molecular compactness (You and Lim, 2000) . A significant variation was obtained in the SV g values of native and hydrolyzed fucoidans ranging from 0.84 to 3.32 cm 3 /g (Table 2 ). These results indicated that hydrolysis process produced fucoidan polymers more expanded structure and loosed conformation.
Effect of M w on proliferation and stimulation of RAW264.7 cells
The effect of native and hydrolyzed fucoidans from S. angustifolium was examined on the proliferation of RAW264.7 cells at concentrations of 10, 25 and 50 lg/mL (Fig. 3a) . After the addition of fucoidans into the culture medium of macrophage cells and incubation for 72 h, none of the native fucoidans or its low molecular weight polymers exerted toxic effects. In fact, conversely, degradation of fucoidan led to an increase in their potential in proliferating RAW264.7 cells in a dose dependent manner (p \ 0.05).
In the current study, the immunostimulatory effects of the native and partially hydrolyzed fucoidans were evaluated using the ability of RAW264.7 macrophage cells to release nitric oxide (NO). Macrophages are important immunomodulatory effector cells that play a pivotal role in the immune system by maintaining homeostasis and providing defense against pathogens and cancer cells through the secretion of NO and different cytokines (Gamal-Eldeen et al. 2007 ). The NO release-inducing capacities of the native and partially hydrolyzed fucoidans at the concentrations of 10, 25 and 50 lg/mL are shown in Fig. 3b . The level of NO released by native fucoidan increased by increasing concentration up to 32 lmol at 50 lg/mL. The ability of fucoidans to stimulate macrophage cells to release NO has been previously reported for polysaccharides isolated from Fucus vesiculosus and Agarum cribrosum (Cho et al. 2014; Choi et al. 2005 ). Interestingly, a completely opposite result was observed for fucoidan from Agarum cribrosum where strong anti-inflammatory activity of the extracted polymer suppressed NF-kB activation and down-regulated the MAPK pathways (Park et al. 2011) . These variations in the type and magnitude of bioactivities of sulfated polysaccharides have been attributed to their differences in sulfate content, molecular weight, linkage pattern, uronic acid content and etc. (Qi et al. 2005; Tabarsa et al. 2015) .
The fucoidan polymers having the M w of 104.1 9 10 3 g/mol obtained by 10 min hydrolysis exhibited a slight increase in NO (37.0 lmol) at the same concentration (p \ 0.05). Further improvement in the amount of NO released was observed with the fucoidans having the M w of 63.9 9 10 3 g/mol produced after 15 min hydrolysis (p \ 0.05). The NO-releasing capacity of native and degraded fucoidans clearly showed that fucoidans with lower molecular weights are more effective in stimulating macrophage cells. The determinant effect of molecular weight of fucoidans on their bioactivity was also reported for polysaccharides extracted from Ecklonia kurome where fucans with molecular weights ranging from 10 9 10 3 to 300 9 10 3 g/mol exhibited the most potent anticoagulant activities (Nishino et al. 1991) . Yang et al. (2008) reported that lower molecular weight fucoidans had higher suppression effect on the growth inhibition of lung cancer cells. Antioxidant properties of fucoidans
DPPH radical scavenging activity
The DPPH radical scavenging is a widely used model to examine antioxidant activities in a relatively short time compared with other methods. The antiradical capacity of an antioxidant is conducted by measurement of the decrease in the absorbance of DPPH radical at 517 nm (Wang et al. 2010) . The reduction in the absorbance of DPPH radical is caused by hydrogen atom transferred from an H-donor leading to the disappearance of the visible band in DPPH (Foti 2015) . The DPPH radical scavenging of native and partially hydrolyzed fucoidans obtained by 0.01 N HCl and heat treatment in boiling water for different times from 0, 10 and 15 min, is shown in Fig. 4a .
The radical scavenging effect of native fucoidan was measured from 25 to 35% over the concentration range of 1-3 mg/mL. After hydrolysis, fucoidan with M w of 104.1 9 10 3 g/mol exhibited an incredibly high radical scavenging effect up to 72% (p \ 0.05). Increased hydrolysis time to 15 min and molecular weight reduction to 63.9 104.1 9 10 3 g/mol led to higher scavenging activity (86%) which was comparable with that of ascorbic acid (p \ 0.05). The results indicated that DPPH radical scavenging activity of fucoidan improves with reduced molecular weights.
ABTS radical scavenging activity
ABTS assay is a quick method to determine the antioxidant activity of hydrogen-donating compounds to aqueous phase radicals and chain-breaking antioxidants of lipid peroxyl radicals (Nalinanon et al. 2011) . Figure 4b shows the ABTS radical scavenging activity of native and partially hydrolyzed fucoidans in concentrations ranging from 0.062 to 0.250 mg/mL. The native fucoidan reduced the ABTS radicals dose-dependently and reached up to 64% at the highest concentration. Lowering the molecular weight of fucoidans significantly increased their ABTS radical scavenging where the highest activity (75%) was observed for fucoidan degraded for 15 min (p \ 0.05). Overall, lower molecular weight fucoidans showed to be stronger radical scavengers compared with their native form.
Reducing power
The reducing power of a molecule may serve as a significant indicator of its potential antioxidant activity. In reducing power assay, the presence of reductants in the tested samples results in reducing Fe 3?/ ferricyanide complex to the Fe 2? which subsequently changes the yellow color of test solution into blue colors depending on the reducing power of antioxidant samples (Zhao et al. 2006) . The reducing power of native and partially hydrolyzed fucoidans was evaluated at concentrations ranging from 1 to 3 mg/mL. As it is shown in Fig. 4c , a dose-dependent increase in reducing power of fucoidan polymers was observed in all samples and there was an adverse relationship between the absorbance and sample M w . Furthermore, the fucoidan polymers having the M w of 104.1 9 10 3 and 63.9 9 10 3 g/mol showed a significantly enhanced reducing power (0.724 and 0.781 Abs, respectively) compared with native fucoidan (0.544 Abs) at the highest concentration. Therefore, the assay showed the higher reducing power of fucoidan from S. angustifolium at lower molecular weights.
Conclusion
The current study presents the relationship of molecular weight of fucoidan from S. angustifolium on its immunomodulatory and antioxidant properties. The results suggested that by acid hydrolysis using 0.01 N HCl in boiling water can produced hydrolyzed polymers with various molecular weight and conformation properties. Besides, the employment of mild acid hydrolysis did not significantly change the chemical composition of fucoidan especially sulfate content. RAW264.7 cells were incubated with fucoidans, lower molecular weight polymers induced more proliferation and NO release indicating the higher effectiveness of hydrolyzed fucoidans as immunomodulatory agents. The antioxidant properties of low molecular weight fucoidans in scavenging free radicals and reducing ferric ion was significantly improved compared to native form.
